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Introduction 22
Extensive field studies at ground sites have shown that gas-phase nitrous acid (HONO) 23 exists at much higher levels than expected during the day, with a mixing ratio of HONO up to 24 several parts per billion by volume (ppbv) in the urban atmosphere (Acker et al., 2006; 25 Villena et al., 2011) and up to several hundred parts per trillion by volume (pptv) in rural 26 environments (Acker et al., 2006; Kleffmann et al., 2003; Zhang et al., 2009; Zhou et al., 27 2002 Zhou et al., 27 , 2011 . At the observed concentrations, HONO photolysis (R1) becomes an important or 28 even a major OH primary source in both urban (Elshorbany et al., 2010; Villena et al., 2011) 29 and rural environments near the ground surface (Acker et al., 2006; He et al., 2006; 30 Kleffmann et al., 2003; Zhou et al., 2002 Zhou et al., , 2011 . 31 HONO + hv ⇌ OH + NO (R1, R-1).
32
The OH radical is responsible for the removal of primary pollutants, and plays a crucial role in 33 the formation of secondary pollutants, such as O3 and aerosol (Finlayson-Pitts and Pitts, 34 2000), and thus HONO plays an important role in atmospheric chemistry. 35
The removal processes of HONO from the troposphere are relatively well understood, 36 including mainly photolysis, reaction with the OH radical and surface deposition. Photolysis 37 is the dominant sink for HONO during the day (Kleffmann et al., 2003; Oswald et al., 2015; 38 Zhang et al., 2009 38 Zhang et al., , 2012 , and dry deposition is the major HONO loss pathway at night, 39 especially over wet surfaces (He et al., 2006; VandenBoer et al., 2015) . However, HONO 40 sources in the planetary boundary layer (PBL) are numerous. HONO is directly emitted from 41 combustion processes, such as automobile emissions (Li et al., 2008b) and biomass burning 42 (Burling et al., 2010; Trentmann et al., 2003) . Soil emission via nitrification or denitrification 43 is another source of HONO, which might be important in agriculture region (Maljanen et al., 44 2013; Oswald et al., 2013; Su et al., 2011) . Due to the relatively short photolytic lifetime of 45 HONO, in the order of 10 min around summer noontime, the impacts of the direct emission 46 on HONO distribution and chemistry is highly localized and limited to the source region. 47 HONO is a unique species that is produced through heterogeneous reactions of 48 different precursors, such as NO2 and HNO3, on surfaces (R2 -R3): 49 Stemmler et al., 2006 Stemmler et al., , 2007 and these reactions on ground surfaces are likely the major 54 daytime HONO source in urban environments (Acker et al., 2006; Villena et al., 2011; Wong 55 et al., 2011) . Laboratory studies have confirmed that HNO3 undergoes photolysis in sunlight 56 at rates 2 -3 orders of magnitude greater on the surface than in the gas phase ( producing NOx and HONO. In low-NOx environments, photolysis of nitric acid/nitrate 59 deposited on the surface has been proposed to be the major daytime HONO source near the 60 ground surface (Ye et al., 2016b; Zhou et al., 2003 Zhou et al., , 2011 . 61
Several processes within an air mass may lead to volume, or in situ, production of 62 HONO. The OH+NO reaction (R-1) in the gas phase may be a significant HONO source in 63 high NOx and photochemically reactive atmospheres (Kleffmann, 2007 (Villena et al., 2011) . A recent HONO flux 84 measurement has suggested that the HONO source from the forest canopy contributed ~ 60% 85 of the measured HONO budget at the measurement height of 11 m above the forest canopy, 86 4 and the in situ HONO production contributed the remaining ~ 40% (Zhou et al., 2011). 87 Similarly, observational and modeling studies implied a presence of a volume HONO source 88 at 130-m altitude above Houston, TX (Wong et al., 2012 (Wong et al., , 2013 . The relative importance of in 89 situ HONO production would be expected to increase with altitude due to decreasing 90 influence of the ground surface, at least during the day. Airborne measurements in the air 91 mass above the altitude influenced directly by ground HONO sources should provide more 92 direct and quantitative evidence for in situ HONO production in the troposphere. Indeed, the 93 limited number of airborne measurements available have shown that HONO exists not only in 94 substantial amounts in combustion and urban plumes (Neuman et al., 2016) Table 1 summarizes the instrumentation, time resolution, detection limit, accuracy, and 107 references for the measurements. The results from five out of nineteen flights are presented 108 here to discuss vertical HONO distribution and HONO chemistry in the Southeast U.S. The 109 flight tracks are shown in Figure 1 . 110 HONO was scrubbed using de-ionized (DI) water in two 10-turn glass coil samplers and the 115 collected nitrite was then derivatized with 5 mM sulfanilamide (SA) and 0.5 mM N-(1-116 Naphthyl)-ethylene-diamine (NED) in 40 mM HCl, to form an azo dye. The azo dye was then 117 5 detected by light absorption at 540 nm using an 4-channel optic fiber spectrometer (LEDSpec, 118 WPI) with two 1-m liquid waveguide capillary flow cells (WPI). Each LPAP system ran a 30-119 min measurement and zero cycle, with 20 min sampling ambient air and 10 min sampling 120 "zero-HONO" air for baseline correction, and with a 15-min time offset between the two 121 sampling cycles. The combination of the data from the two systems provides continues 122 HONO concentration measurement. The "zero-HONO" air was generated by directing the 123 sample stream through a Na2CO3-coated denuder to remove HONO while allowing most of 124 interfering species (NOx, PAN, and particulate nitrite) to pass through . The absorbance 125 signals were sampled at a rate of 1 Hz, and were averaged into 1-min or 3-min data for 126 analysis. 127
LPAP measurements of HONO and pNO3
Interference from NOx, PAN, and particulate nitrite was corrected by subtracting the 128 baseline from the ambient air signal. Due to the low collecting efficiency of these interfering 129 species in the sampling coil and their low concentrations, the combined interference was 130 estimated to be less than 10% of the total signal. Potential interference from peroxynitric acid 131 (HO2NO2) was suppressed by heating the PFA sampling line to 50 °C. The HO2NO2 steady 132 state concentration ([HO2NO2]SS) was estimated to be less than 1 pptv at temperatures of 20 -133 30 °C in the background PBL (Gierczak et al., 2005) , and thus interference from HO2NO2 was 134 negligible. Whereas in power plant and urban plumes in the PBL or biomass burning plumes 135 in the upper free troposphere (FT), HO2NO2 interference was not negligible and thus a 136 correction for HONO measurement was made. An upper-limit HO2NO2 response efficiency 137 was estimated to be 0.2 for our HONO measurement systems. The estimation was made from 138 the lowest ratio of the measured HONO to the corresponding [HO2NO2]SS in cold air masses 139 at high altitude, assuming no HONO existed. HONO concentration were then corrected by 140 subtracting a term of "0.2 × [HO2NO2]SS". The correction was below 10% of the measured 141 HONO concentrations in the PBL plumes. However, there may be over-corrections in the cold 142 free troposphere. 143
The lower detection limit of LPAP-HONO measurement was estimated to be ≤1 pptv, 144 based on 3 times the standard deviation of the zero air signal (N >10). An overall uncertainty 145 of (1 + 0.2 [HONO]) pptv was estimated, combining the uncertainties in signal acquisition 146 and processing, air and liquid flow rates, standard preparation, and baseline correction. The 147 accuracy of HONO measurements was confirmed by comparison with a limb-scanning 148 Differential Optical Absorption Spectroscopy (DOAS) (Platt and Stutz, 2008) . The agreement 149 between these two instruments was very good in wide power plant plumes where HONO 150 6 mixing ratios significantly exceeded the detection limits of both instruments (Ye et al., 151 2016b) . 152
Particulate nitrate (pNO3) was quantitatively collected with a frit disc sampler after a 153 NaCl-coated denuder to remove HNO3 (Huang et al., 2002) . The collected nitrate was reduced 154 to nitrite by a Cd column, and determined using a LPAP system (Zhang et al., 2012) . "Zero-155 pNO3" air was generated to establish measurement baselines for pNO3 by passing the ambient 156 air through a Teflon filter to remove aerosol particles and then a NaCl-coated denuder to 157 remove HNO3 before reaching the sampling unit of LPAP. Potential interferences from 158 HONO, NOx and PAN were corrected by subtracting the baselines from the ambient air 159 signals. The lower detection limit of pNO3 was estimated to be 2 pptv, based on 3 times the 160 standard deviation of the zero air signal (N >10). An overall uncertainty of (2 + 0.3 [pNO3]) 161 pptv was estimated. 162
Noisy baselines were observed when the C-130 was flying in the clouds, due to the 163 sampling of cloud droplets by our sampling systems. Because of the lack of a valid way to 164 correct for this interference, all in-cloud measurement data of HONO and pNO3 have been 165 excluded from the data analysis. 166
Supporting measurements 167
The mixing ratios of a large number of non-methane organic compounds (NMOCs To further examine the potential HONO contribution from the ground sources, vertical 249 profiles of HONO, NOx, and pNO3, are compared with those of potential temperature (K) and 250 isoprene measured, for example, in the first race-track of RF#4 from 11:00 -12:15 LT (Fig.  251   4) . The PBL height (H) was ~ 1200 m as indicated by the constant potential temperature (Fig.  252 4e). The vertical distribution of isoprene originating from the ground can be expressed with 253 the following equation (Eq.1): 254
where Co and C are its concentrations near the ground and at the altitude h, k is the pseudo-256 first order degradation rate constant, τ is the average mixing time in the PBL, and h* (= 257 H/(kτ)) is its characteristic transport height within one degradation lifetime of isoprene. 258
According to the best fit of (Eq.1) to the observed isoprene data (Fig. 4d ), its characteristic 259 transport height h* is estimated 692 m for isoprene. Assuming isoprene is mainly oxidized by 260 the OH radical whose average concentration is estimated at 3 ×10 6 mole cm -3 in the PBL 261 exhibit a significant gradient, probably more pronounced than that of isoprene due to its 274 shorter lifetime. The lack of such a vertical HONO gradient in the measured HONO 275 concentration profiles (Fig. 3a) suggests that the contribution from ground HONO sources to 276 the observed HONO concentrations in the PBL above 300 m is insignificant. 277 10 The NOx level was ≤ 0.5 ppbv in the PBL over the Southeast U.S. (Figure 2) , 278 excluding the power plant plumes. Based on an upper limit HONO/NOx ratio of 0.05 for 279 urban atmosphere at ground level (Villena et al., 2011) , the initial HONO concentration would 280 be ≤ 25 pptv in the source air mass on the ground level. With a transport time of ≥ 0.5 h, i.e., 281 ≥ 3 times of the HONO photolysis lifetime, the contribution from the ground HONO source 282 would be ≤ 1 pptv. This analysis supports the conclusion that contribution of surface HONO 283 source to the PBL HONO budget is insignificant. 284
Daytime HONO chemistry in low NOx areas 285
After removing the data measured in the urban and power plant plumes, the daytime HONO 286 concentrations are within the range of 5 -15 pptv throughout the PBL in the background 287 terrestrial areas in the five race-track research flights. Photolysis is the dominant sink for 288 HONO, with a photolysis lifetime of 8 -16 min during these four daytime flights (RF #4, RF 289 #5, RF #11, and RF #17). Therefore, there must be a significant volume HONO source, up to 290 173 pptv h -1 , within the air mass to sustain the observed HONO concentrations. 291
Both NOx and pNO3 are potential HONO precursors in the air column. While HONO 292 correlates moderately with NOx (r 2 = 0.45, Fig S1) , it only weakly correlates with pNO3 (R 2 = 293 0.17). It appears at first that NOx is a more important HONO precursor than pNO3. However, 294 the detailed analysis below suggests that NOx is only a minor precursor to the observed 295 HONO, and photolysis of pNO3 is the major in situ HONO source. where Saerosol is the aerosol surface area density. It should be noted that the upper limit values 306 of rate constants were used in the calculation to avoid the underestimation of [HONO]pss 307 value. Under typical daytime conditions in the PBL with the median measured values of 308 reactants, the upper limit [HONO]pss value is less than 2 pptv, much lower than the median 309 measured HONO concentration of ~ 11 pptv. Figure 5a shows the relationship (r 2 = 0.40) 310 between the photolytic HONO loss rate with the sum of HONO production rates from all the 311 NOx-related reactions calculated with upper-limit reaction rate constants. A slope of about 312 0.19 indicates that the contribution from these NOx-related reactions to the volume HONO 313 source is minor in the background troposphere, despite the good correlation between HONO 314 and NOx. 315
Photolysis of HNO3 on surfaces has been found to proceed at a much higher rate than 316 in the gas phase ( (Table S1) 
HONO chemistry in plumes 363
One of the objectives of RF #11 was to study the chemistry of HONO in urban and coal fired 364 power plant plumes. The arrows and corresponding labels in Figure 2 indicate the urban 365 plumes (U1-U3) and power plant plumes (P1-P4). CO and benzene were used to identify 366 influence from urban plumes, SO2 to identify influence from power plant plumes, and 367 acetonitrile to identify the influence of biomass burning plumes (Fig. S2) . The plumes U1-U3 368 were identified as urban plumes from cities of Birmingham (U1, U3) and Montgomery (U2) 369 in Alabama, respectively, and plumes P1-P4 were identified as power plant plumes from 370 power plants in Monroe county (P1-P3) and Putman county(P4) in Georgia, respectively. The 371 influence of biomass burning plumes was negligible as acetonitrile concentration was low and 372 13 stable. The power plant plumes were generated from high-intensity point sources, and thus 373 had features of narrow but high peaks of both HONO and NOx concentrations in the time-374 series plots (Figs. 2, 6 & S2) . In contrast, the urban plumes were generated from area sources 375 and thus were shown as broad peaks of HONO and NOx in the time-series plot with low levels 376 of NOx (mostly below 500 pptv) (Figs. 2, 6 & S2 ). There were a few sharp but small NOx 377 peaks within the broad urban plumes, reflecting the contributions of some point sources in the 378 urban areas. The observed HONO/NOx ratio was 0.019 (± 0.004) in the power plant plumes 379 (e.g., P4) and 0.057 (± 0.0019) in urban plumes, significantly higher than the typical 380 The C-130 flew in an elongated race track pattern along a north-south direction, about 418 140 km from Nashville, TN (Fig. 1) , alternating between the PBL (1200 m) and the FT (2500 419 m), from late afternoon to midnight local time (Fig. 2) . In the FT, HONO and NOx 420 concentrations were relatively stable throughout the afternoon and the night, staying around 4 421 ppt and 90 pptv respectively. The lack of night-time HONO accumulation is expected from 422 the low levels of HONO precursors, mostly NO2, and surface area of aerosol particles in the 423 FT (Fig. 2) . 424
The conditions in the PBL were far more variable and complicated. There were strong 425 horizontal gradients of NOx, pNO3 and HONO in the PBL, with higher concentrations at the 426 southern end and lower concentrations at the northern end of the flight track. Back-trajectory 427 analysis using NOAA's HYSPLIT model (Stein et al., 2015) indicates that the encountered air 428 masses in the PBL at the southern end passed over Nashville, about 140 km northeast of the 429 sample area, with a transport time of about 6 h (Fig. S3a) , while the air masses at the northern 430 end stayed to north of Nashville (Fig. S3b) . Therefore, the anthropogenic emissions from the 431 metropolitan area of Nashville contributed to the higher concentrations of pollutants observed 432 at the southern end of the flight track. There were also trends of increasing concentrations of 433 NOx, pNO3 and HONO with time after the sunset (Fig. 2) . This was probably a result of less 434 dispersion and dilution of anthropogenic pollutants, including NOx, as the PBL became more 435 stable after sunset. Furthermore, as time progressed from late afternoon into evening and 436 15 night, the air masses were less photochemically aged during the transport from the source 437 areas, due to the decreasing solar light intensity and shorter solar light exposure time. 438
Because of the large spatial and temporal variations in the concentrations of HONO and 439 its precursors in the PLB (Fig. 2) , it is difficult to directly evaluate the nighttime HONO 440 accumulation from HONO measurements alone. The concentration ratio of HONO and its 441 dominant nighttime precursor, NO2, can be used as an indicator of nighttime HONO 442 accumulation. As the air masses at measurement altitude of 1200 m decoupled from the 443 ground-level processes after sunset, the HONO production ( (HONO)) from heterogeneous 444 NO2 reaction (R2) on aerosol surface becomes the only HONO source, and can be expressed 445 by the following equations (Eq. 4 and Eq. /∆t of ~0.0003 h -1 is estimated using the 456 equation (Eq. 6), equivalent to a HONO accumulation of 0.13 pptv hr -1 at a constant NO2 457 concentration of 400 pptv. Such a low HONO accumulation rate is below our measurement 458 detection limit. Indeed, the calculated HONO to the NOx ratio using the measurement data 459 stayed almost unchanged with time ( Fig. 7) , well within the observational variability after the 460 sunset, suggesting no significant volume production of HONO in the nocturnal boundary 461 layer. 
